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The development of pore overpressure beneath high-crystallinity, low-permeability magma 25 
plugs is often inferred to be the cause of hazardous vulcanian explosions at many active arc 26 
volcanoes. Using a combination of porosity and permeability measurements and X-ray micro-27 
tomographic reconstructions of ballistic bombs from the 2004-2010 explosions of Galeras 28 
volcano, Colombia, we document the micro-structural changes of the permeable porous 29 
network in high-crystallinity andesitic magma plugs resulting from natural viscous 30 
densification. Mean pore volumes, mean pore throat areas and the volumetric number density 31 
of connected pores and throats decline as connected porosity and permeability decrease. The 32 
mean pore coordination number and the volumetric number density of disconnected (isolated) 33 
voids also tend to decrease with decreasing porosity and permeability. The variance in pore 34 
volume and throat area decrease as a result of this densification process and tortuosity decreases 35 
slightly, demonstrating that the range of scales of structures performing gas transfer is reduced 36 
and the porous network undergoes viscous re-organisation. The reduction in tortuosity 37 
illustrates how permeability is reduced but maintained to low connected porosities, allowing 38 
plug formation to occur without creating large-scale pore overpressure within the plug. We 39 
characterise the relationships between key topological parameters and between connected 40 
porosity and permeability to facilitate future modelling of this process. Micro-tomographic 41 
reconstructions of a breadcrust bomb rind indicate that a deeper region with large pores, large 42 
throats, high pore volume and throat area variance and high tortuosity exists below low-43 
permeability plugs, and this could represent a likely area for explosion-driving overpressure to 44 
develop following plug densification. A comparison of our porous micro-structure data with 45 
existing crystal micro-textures and glass volatile data from the same samples suggests that the 46 
average magma ascent and decompression rates ultimately control the efficiency of magma 47 
densification, the final plug permeability and the extent of degassing of the melt phase. 48 
 49 
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 52 
1. Introduction 53 
 54 
Sequences of repeated, or cyclical, vulcanian explosions represent a frequent expression of 55 
andesitic-dacitic volcanism at arc volcanoes worldwide (e.g. Clarke et al., 2007; Hammer et 56 
al., 1999; Lavallée et al., 2012; Stix et al., 1997; Voight, 1999; Wright et al., 2007). These 57 
spontaneous explosions result from the emplacement of high-crystallinity, low-permeability 58 
plugs of degassed magma in the shallow conduit (<500 m, Fig. 1) (Bain et al., 2019; Clarke et 59 
al., 2007; Giachetti et al., 2010; Hammer et al., 1999; Sparks, 1997; Stix et al., 1997; Voight, 60 
1999; Wright et al., 2007). Further degassing beneath these low-permeability plugs triggers 61 
explosions when the strain rate exerted by overpressure in gas bubbles overcomes the structural 62 
relaxation rate of the magma (Clarke, 2013; Clarke et al., 2007; Coats et al., 2018; Dingwell, 63 
1996; Lavallée et al., 2012; Sparks, 1997; Stix et al., 1993). The formation of such degassed, 64 
low-permeability plugs is intimately linked to the processes of melt degassing, crystallisation 65 
and magma outgassing during magma ascent (Bain et al., 2019; Cashman and Blundy, 2000; 66 
Hammer et al., 2000, 1999; Lavallée et al., 2012; Preece et al., 2016). Tracking the evolution 67 
of porosity and permeability in ascending magmas is therefore fundamentally important for 68 
building understanding of eruption dynamics, improving ascent models and successful eruption 69 
forecasting. 70 
Whereas the development of porosity, via magma vesiculation and strain, and the attainment 71 
of the percolation threshold (the threshold porosity at which magma ceases to be impermeable 72 
to gas) control the timing of permeability development, gas permeability itself controls the rate 73 
of gas loss and determines eruption style through the development or dissipation of pore 74 
pressure (Burgisser et al., 2017; Eichelberger et al., 1986; Okumura et al., 2009). As gas 75 
permeability is known to strongly depend on the topology of the porous network (Burgisser et 76 
al., 2017; Colombier et al., 2017; Degruyter et al., 2010; Gonnermann et al., 2017; Mueller et 77 
al., 2005; Saar and Manga, 1999; Wadsworth et al., 2017; Wright et al., 2009, 2006; Yokoyama 78 
and Takeuchi, 2009), the micro-structural properties of densifying magma subjected to shear 79 
and compaction hold key information regarding the timing and distribution of permeability 80 
reduction in densifying magma plugs. The spatial distribution of these properties determines 81 
whether gas escapes and pore pressures are reduced, or local pressurisation and fragmentation 82 
occurs at small-scales, possibly resulting in the formation of tuffisite veins (e.g. Kendrick et 83 
al., 2016) and the occurrence of ash venting (Cassidy et al., 2018, and references therein), or 84 
whether larger portions of the plug (and possibly lava dome) are expelled in a vulcanian 85 
explosion resulting from the development of large-scale pore overpressure (e.g. Lavallée et al., 86 
2012; Sato et al., 1992).  87 
This study aims to track the reduction of porosity and permeability during andesitic magma 88 
densification and plug formation in a well-constrained natural system and link these 89 
macroscopic properties with the micro-scale topological evolution of the porous network. In 90 
this work, we measure the porosity and permeability of andesitic ballistic bombs produced by 91 
vulcanian explosions of the 2004-2010 eruptive period of Galeras volcano, Colombia, and 92 
analyse the topology of the porous network in the pyroclasts using X-ray micro-tomography. 93 
These ballistics sample portions of the degassed (<0.4 wt% H2O), densified magma plugs 94 
emplaced at shallow levels (<500 m) prior to vulcanian explosions (Fig. 1) (Bain et al., 2019) 95 
and therefore provide snapshots of the porosity, permeability and micro-structure of high-96 
crystallinity andesitic magma at various stages of densification. We characterise the porosity-97 
permeability relationship preserved in this sample suite and present detailed characteristics of 98 
the geometry of the collapsing porous network in order to track the micro-structural evolution 99 
of densifying andesitic plugs. We also analyse the pore structure of a sample of partially-100 
annealed tuffisite vein material preserved in a dense ballistic bomb in order to compare the 101 
characteristics of the host andesitic plug and the material filling tuffisite veins, which are 102 
increasingly inferred to represent high-permeability pathways for gas transfer (Berlo et al., 103 
2013; Castro et al., 2012; Kendrick et al., 2016; Kolzenburg et al., 2012). Finally, we compare 104 
this dataset with previously published crystal micro-texture and groundmass glass data from 105 
the same samples (Bain et al., 2019) and propose a conceptual model of plug formation linking 106 
magma decompression and densification rates. 107 
 108 
2. Background 109 
 110 
Much work has focussed on the onset and evolution of permeability and the controls on the 111 
percolation threshold during magma vesiculation (Burgisser et al., 2017; Colombier et al., 2017; 112 
Degruyter et al., 2010; Gonnermann et al., 2017; Klug and Cashman, 1996; Lindoo et al., 2017; 113 
Rust and Cashman, 2004; Saar and Manga, 1999; Takeuchi et al., 2005; Wright et al., 2006, 114 
2009). Changes in porosity and permeability during densification have been studied in crystal-115 
poor magma (Ashwell and Kendrick et al., 2015; Gonnermann et al., 2017; Kennedy et al., 116 
2016) and initially granular volcanic materials, e.g. welding ignimbrites (Heap et al., 2015; 117 
Wright and Cashman, 2014) and sintering crystal-free (Wadsworth et al., 2016) and crystal-118 
rich (Kendrick et al., 2016) droplets. However, comparatively less is known regarding the 119 
evolution of porosity and permeability during the densification of high-crystallinity magma, a 120 
process that is key to understanding the formation of low-permeability plugs, effusive-121 
explosive transitions and the timing and magnitude of vulcanian explosions. Recent studies 122 
examining the process of magma densification under isotropic stress have shown that 123 
permeability is only slightly reduced by surface tension over relatively long periods of time, 124 
and the densification process is further lengthened by the presence of crystals (Kennedy et al., 125 
2016; Okumura et al., 2013). Similarly the presence of crystals in initially granular densifying 126 
materials delays the sintering process, which can influence the development of pressurisation 127 
and gas-and-ash explosion cycles (Kendrick et al., 2016). Further studies involving the high-128 
temperature (anisotropic) compression of near-aphyric pumice showed more efficient closure 129 
of void space and a corresponding decrease in permeability and increase in permeability 130 
anisotropy (parallel and perpendicular to shear), but the application of shear stress failed to 131 
completely close the pore space in even relatively crystal-poor magmas, which compacted to a 132 
threshold porosity (Ashwell and Kendrick et al., 2015). Experimental work on high-133 
crystallinity andesites has shown that magma rheology evolves variably during shear, as at high 134 
strain rates shear may trigger dilation and creation of pore space via tearing and fracturing 135 
(Lavallée et al., 2013) or compaction of the porous network, via pore flattening and closure 136 
(Heap et al., 2017; Kendrick et al., 2013). Thus, both the degree of densification and the 137 
timescale over which it occurs may be intrinsically linked to the stress field, and hence the 138 
depth at which a magma plug forms. 139 
Many studies have suggested the existence of a hysteresis in the porosity-permeability 140 
relationship in magma (e.g. Saar & Manga 1999; Rust & Cashman 2004; Wright et al. 2009; 141 
Michaut et al. 2009; Gonnermann et al. 2017). Permeability development during vesiculation 142 
is thought to occur once a system-spanning permeable pathway develops at the onset of the 143 
percolation threshold. The percolation threshold itself may depend on many factors, such as 144 
composition, crystallinity and strain history. During densification, higher permeability may be 145 
maintained to low values of porosity by retaining bubble interconnections that may not exist at 146 
a similar porosity during vesiculation, due to the nature of densification (Kennedy et al., 2016), 147 
the presence of micro-fractures (Kushnir et al., 2017; Mueller et al., 2005), and the presence of 148 
crystals that hinder the closure of pores (Ashwell and Kendrick et al., 2015; Kennedy et al., 149 
2016) and enhance the opportunity for bubble interconnections (Laumonier et al., 2011; Lindoo 150 
et al., 2017). As a result, porosity-permeability evolution paths during vesiculation and 151 
densification may differ significantly (Ashwell and Kendrick et al., 2015; Colombier et al., 152 
2017; Gonnermann et al., 2017; Rust and Cashman, 2004; Saar and Manga, 1999; Wright et 153 
al., 2009). Michaut et al. (2009) showed that taking account of hysteretic permeability in 154 
magma ascent models could generate low-permeability plugs over a short distance, illustrating 155 
the importance of constraining the micro-structural processes that control permeability 156 
reduction in densifying magma to improve existing ascent models. 157 
 158 
3. Materials & Methods 159 
 160 
3.1 Sample selection 161 
 162 
For permeability and porosity measurements, nineteen andesitic ballistic bombs from the 2004-163 
2010 period of activity of Galeras volcano were collected from the caldera rim with the 164 
assistance of the Geological Survey of Colombia (Servicio Geológico Colombiano, SGC). The 165 
stratified nature of magma plugs at Galeras volcano gave rise to three types of ballistic bombs 166 
as a result of the competition between syn-eruptive quenching and interior vesiculation of the 167 
pyroclast (Fig. 1), as described in Bain et al. (2019). The water content of the melt phase in 168 
magma that produced dense and scoriaceous bombs was too low (<0.4 wt% H2O; Bain et al., 169 
2019) to result in vesiculation on eruptive timescales (Hoblitt and Harmon, 1993; Wright et al., 170 
2007) due to the speciation of water in rhyolitic melt at very low water contents, comprising 171 
primarily hydroxyl groups rather than molecular water available to partition into the vapour 172 
phase (Silver et al., 1990). Hence, dense and scoriaceous bombs are considered to adequately 173 
preserve pre-eruptive magma textural properties such as vesicle size and shape, as well as 174 
porosity and permeability, with the caveat that overprinting modifications to the porous 175 
network may have been sustained due to strain during bomb flight and impact. Inflated bombs 176 
typically have a bread-crusted morphology due to higher melt water contents (>0.4 wt% H2O; 177 
Bain et al., 2019) that allowed them to partially vesiculate on eruptive timescales, resulting in 178 
a pumiceous interior due to vesiculation and a dense rind due to quenching and a syn-eruption 179 
bubble nucleation delay (Wright et al., 2007). Hence, in the case of inflated bombs, only the 180 
dense rind adequately preserves the pre-eruptive magma properties. In this study, we focus on 181 
the dense and scoriaceous bombs that did not vesiculate upon explosive decompression as we 182 
probe the pre-eruptive properties of the most degassed part of the plugs. These bombs can be 183 
identified in the field by their dense appearance and lack of bread-crusted morphology (Fig. 1).  184 
Among the dense and scoriaceous bombs selected, ballistics covering the full range of 185 
porosities observed in the field were collected so as to give the most detailed representation of 186 
samples through the average andesitic plug at Galeras volcano. Connected porosity and 187 
permeability measurements were performed on these nineteen samples. Eight of these samples 188 
covering the range of measured porosities were then selected for X-Ray micro-tomography to 189 
investigate the topology of the porous network. Micro-tomography data were also collected for 190 
nine additional dense and scoriaceous samples from the study of Bain et al. (2019), six of which 191 
have known eruption dates, quantified feldspar micro-textures and glass volatile analyses. One 192 
sample from the dense rind of a breadcrust (inflated) bomb was also found to be suitable for 193 
micro-tomography, as it was un-fractured and thick enough to provide a sufficient volume. 194 
Finally, a sample of tuffisite material from a vein hosted in a dense bomb was also imaged by 195 
micro-tomography to compare the nature of the porous network in tuffisites and the host 196 
andesite (comprising dense bombs, scoriaceous bombs and the breadcrust bomb rind). Table 1 197 
lists the samples used in this study and the analyses performed. 198 
 199 
3.2 Porosity and permeability measurements 200 
 201 
All porosity and permeability measurements were conducted in the Experimental 202 
Volcanology and Geothermal Research Laboratory at the University of Liverpool. 26 mm-203 
diameter cores were produced from the selected bomb samples. Most samples appeared 204 
isotropic but cores were cut perpendicular to the direction of vesicle elongation in two 205 
samples where this was visually discernible (GAL9 & GAL16). The ends of each core were 206 
then ground parallel to lengths ranging 40.66-54.33 mm. Cores were washed in an ultrasonic 207 
bath and oven-dried overnight at 70 °C. The fraction of connected pores (connected porosity), 208 
𝜙", of each core was quantified by gas displacement pycnometry using an AccuPyc 1340 209 
helium pycnometer developed by Micromeritics. This instrument measures the skeletal 210 
volume of the sample (i.e. the fraction of rock and isolated pores), Vs, with an accuracy of 211 
±0.1 %. Together, this volume and the geometrical volume of a core specimen, Vc, may be 212 
used to compute the fraction of connected pores via: 𝜙"=	(𝑉" − 𝑉')/𝑉". The propagated 213 
uncertainty on our measurements of connected porosity is ±0.8 %, taking into account the 214 
error on the sample measurements (assumed to be ±0.01 mm) and the error on the measured 215 
skeletal volume. 216 
Darcian (laminar) permeability, k, at confining pressures of 0.7, 1.4 and 2.1 MPa was 217 
determined for each sample using a steady-state nitrogen gas permeameter (GasPerm) 218 
developed by Vinci technologies and the constant flow-rate method. For this set-up, samples 219 
are placed within a chamber housing a rubber sleeve surrounded by nitrogen gas to control the 220 
confining pressure applied onto the sample. The instrument then varies the flow rate of nitrogen 221 
across the sample until the inlet pressure stabilises (with fluctuations smaller than 0.0004 222 
MPa/min). Whilst the flow rate is held steady, the inlet and outlet pressure (in this case, 223 
atmospheric conditions) are monitored, in order to calculate the permeability using Darcy's 224 
Law (Darcy, 1857, 1856). Additionally, both Forchheimer (Whitaker, 1996) and Klinkenberg 225 
coefficients (Klinkenberg 1941) are calculated to determine the maximum allowable flow rate 226 
that satisfies Darcy conditions (meaning laminar flow conditions are satisfied and no gas 227 
slippage occurs along the walls of the void space). The propagated uncertainty associated with 228 
our permeability measurements is ±3 %, taking into account the accuracy of the gas flow meter 229 
and the pressure transducer on the GasPerm instrument. We acknowledge that the permeability 230 
of magma and that of the solid pyroclasts that we measure, produced from the quenching of 231 
fragmented magma plugs, will not be identical. However, as it is currently technically and 232 
financially challenging to measure the permeability of high-temperature magma samples and 233 
as we are interested in the changes in permeability across the sample set, we use the 234 
permeability range of our solid ballistic bomb samples to represent the range of magma 235 
permeability within the Galeras plugs. 236 
 237 
3.3 Vesicle textures 238 
 239 
Cylindrical cores of rock 8 mm in diameter were drilled from each sample selected for micro-240 
tomography. These cores were drilled parallel to the long axis of the larger cores used for 241 
porosity and permeability measurements for the samples where these were measured. For the 242 
inflated bomb rind sample, a core was drilled from the dense rind and this core did not include 243 
any material from the vesicular bomb interior. The cores were then washed in an ultrasonic 244 
bath for a period of several minutes and were oven-dried overnight.  245 
X-ray micro-tomography was carried out in the Experimental Geosciences Facility at the 246 
University of Edinburgh. Cores were scanned using a cone beam geometry and a peak X-ray 247 
energy of 120 keV. A 0.8 mm thick aluminium energy filter was positioned between the sample 248 
and the camera to reduce beam hardening effects. For each scan, 1500-2000 projections were 249 
acquired through a 360° rotation, each with an exposure time of 1 s. Tomographic slices were 250 
reconstructed from the projections using Octopus v8.9 software (Dierick et al., 2004). During 251 
reconstruction, a further beam hardening correction and a filter for ring artefacts were applied. 252 
Reconstructed slices of the scanned volume consist of tiff files of 16 bit greyscale images 253 
(examples are shown in Fig. 5). The pixel resolution of these images ranged from 7.754-10.736 254 
µm and the "real" resolution of objects in the resulting data volume (considered to be two voxel 255 
lengths for practical purposes) ranged from 15.508-21.472 µm (Supplementary File A). 256 
The topology of the porous network was examined by following the method of Degruyter et al. 257 
(2010). The sequences of reconstructed greyscale images of each sample were first cropped 258 
using ImageJ software (Schneider et al., 2012) to produce a prismatic data volume. ImageJ was 259 
also used to examine histograms of the images' greyscale to select appropriate thresholds to 260 
bracket the void and solid phases (the solid phase here consists mainly of glass, feldspar, 261 
pyroxene and Fe-Ti oxide crystals, Bain et al., 2019). The 3DMA-Rock code of Lindquist & 262 
Venkatarangan (1999) was then used to analyse the 3-D spatial characteristics of the porous 263 
network. 264 
The data volume was first segmented, meaning each voxel was classified as either solid or pore 265 
phase, using the two-pass indicator kriging algorithm implemented in the 3DMA-Rock 266 
program (Oh & Lindquist 1999; Lindquist & Venkatarangan 1999). The first pass utilises the 267 
threshold values extracted from ImageJ to assign most of the voxels to the solid or void phase. 268 
The second pass utilises an indicator kriging method to assign the remaining voxels to one of 269 
the phases, based on the spatial covariance of the image and a minimum variance estimation 270 
(Oh & Lindquist 1999). The process of segmentation produces a new binary data volume in 271 
which voxels belonging to the void phase can be studied as a numerical porous network 272 
(Degruyter et al., 2010). It is challenging to estimate the uncertainty in our segmentation in the 273 
absence of a reference sample with known properties. We therefore estimated an error of ±2.2 274 
% on the total volume of our segmented pore space, based on the volume difference after 275 
applying opening and closing operations to the segmented pore volume for one sample (AB23). 276 
These operations smooth out the effects of the misclassification of voxels and provide a 277 
reasonable estimate of the magnitude of the error as most of the uncertainty originates from the 278 
misclassification of the small-scale features modified by opening and closing operations. 279 
Once segmented, isolated pores smaller than 10 voxels and all isolated grain phase voxels were 280 
removed in a cleaning procedure, to provide a lower limit for the resolution of the disconnected 281 
voids (equivalent to 10-6-10-5 mm3, Supplementary File A) and to remove artificial isolated 282 
grains in the data volume, respectively. The medial axis, or skeleton, of the connected pore 283 
structure of each sample was then obtained. The skeleton is a simplified representation of the 284 
topology of the porous network and preserves its key geometric characteristics whilst 285 
facilitating its analysis. The skeletonisation process uses an erosion method to remove pore 286 
space voxels layer by layer from the exterior of the connected pore space object until a chain 287 
of single, connected voxels remains (Lee et al., 1994). The skeleton can then be used as a 288 
reference structure to identify specific sites in the porous network, such as branching points 289 
(nodes) or pore apertures (throats). Nodal pores correspond to vertices on the medial axis where 290 
several pore pathways meet. The 3DMA-Rock package employs a vertex merging algorithm 291 
ensuring that a nodal pore is identified as such despite the fact that it may have more than one 292 
vertex lying within it. Once merged, these nodal pores have a coordination number 293 
corresponding to the number of connecting pores, which is a property of interest. 294 
Where possible (i.e. where connecting paths existed) the geometric tortuosity of the porous 295 
network was estimated in 3DMA-Rock by calculating the shortest paths from influx to outflux 296 
along the three dimensions of the data volume (x, y and z directions, where the z direction 297 
corresponds to the long axis of cores used for connected porosity and permeability 298 
measurements). The tortuosity for each direction is calculated as the median of the geometric 299 
tortuosity along each possible connecting path. Pore throats were identified by creating a 300 
distance map from the medial axis to the closest grain surface. Pore throats consist of the area 301 
within the minimum closed loop linking contact points between each pore pathway edge (the 302 
contact between the void and solid phases) and a cylinder that is progressively expanded by 303 
dilation from the skeleton, on each segment of the medial axis linking nodal pores. The pore 304 
throat surface area is the minimum surface area defined by this closed loop (Fig. 2). The 305 
resulting pore network model consists of pores with associated volumes and coordination 306 
numbers, separated by pore throat surfaces with associated areas. Effective throat and pore 307 
radii were also calculated as the equivalent circular and equivalent spherical radii, respectively. 308 
 309 
4. Results 310 
 311 
4.1 Porosity and permeability of bomb samples 312 
 313 
The permeability of the variably porous samples was measured at different confining pressures 314 
(Fig. 3, Table 1, Supplementary File B) within the range of magma storage pressures calculated 315 
for dense and scoriaceous bombs in the study of Bain et al. (2019). Darcy conditions were 316 
achieved while measuring the permeability of all samples but GAL10, for which the 317 
Klinkenberg-corrected permeability was used to account for gas slippage along pore walls 318 
(Klinkenberg 1941), following the method described by Heap et al. (2018). We find that at a 319 
given confining pressure, measured permeability, k, is typically higher for samples with higher 320 
connected porosities, 𝜙" (Fig. 3, Table 1). For each sample, measured permeability decreases 321 
with increasing confining pressure (Fig. 3). Samples with lower connected porosity (𝜙" ≲	10 %) 322 
and permeability tend to show a greater dependence of the permeability on confining pressure. 323 
Overall, permeability varies over five orders of magnitude (1.13 × 10-16 – 1.63 × 10-12 m2 over 324 
the range of applied confining pressures) and connected porosity varies from 1.9-26.3 % (Fig. 325 
3), consistent with qualitative observations from thin sections (Fig. 4). 326 
Despite the overall trend of higher permeability corresponding to samples with higher 327 
connected porosity, we note important distinctions in the permeability of certain samples with 328 
similar porosities. At a given confining pressure, samples GAL6, GAL8, GAL13 and GAL19 329 
(boxes in Fig. 3) have notably higher permeabilities (up to two orders of magnitude) than 330 
samples GAL2, GAL4, GAL9, GAL12, GAL16 with similar connected porosities (Table 1). 331 
This set of comparatively “higher-permeability” samples also shows a notably smaller 332 
dependence on confining pressure than samples with lower permeability and similar 𝜙", as well 333 
as samples with lower 𝜙" (Fig. 3, Supplementary File B). Eight samples covering the full range 334 
of 𝜙"	were selected for further exploration by micro-tomography (Table 1), including two 335 
low/high permeability pairs with similar connected porosities (GAL4/GAL6 & GAL16/GAL8) 336 
in order to investigate any topological controls on the observed permeability difference. 337 
 338 
4.2 Quantification of vesicle textures 339 
 340 
Samples with higher connected porosity correspond to samples with a higher areal void fraction 341 
when observed in thin section (Fig. 4). Vesicles are typically polylobate and/or branching in 342 
shape (Fig. 4), as previously described by Bain et al. (2019). Examples of reconstructed 343 
tomographic slices through the scanned cores are shown in Fig. 5 and illustrate the 344 
fundamentally different nature of the porous network in the host andesite (comprising dense 345 
bombs, scoriaceous bombs and the breadcrust bomb rind; Fig. 5a–c), which consists of 346 
interconnected, branching vesicles, and in the sample of tuffisite material (Fig. 5d), which 347 
consists of voids between partially sintered granular material. Fig. 6 shows examples of the 348 
rendered pore space and the corresponding pore network models in host andesite samples and 349 
the tuffisite sample. 350 
Analysed micro-tomography data volumes ranged from 274–473 mm3. Among the samples for 351 
which connected porosity was measured, numerical porosities computed from the micro-352 
tomography data, which represent the total porosity for a sample, ranged from 0.2–25.9 %. The 353 
numerical porosities obtained are generally in good agreement with the range in measured 354 
connected porosities (Fig. 7). Numerical porosity typically underestimates the measured 355 
connected porosity by up to 5% due to the resolution limit of the micro-tomography (see section 356 
3.3). However, as this difference is small, non-systematic and relatively consistent, numerical 357 
porosity values are considered to provide an adequate measure of sample porosity for the 358 
purposes of investigating changes in the topology of the void space, and we use this as a metric 359 
to track the extent of densification. 360 
Although the distributions of pore volumes, throat surface areas and pore coordination numbers 361 
computed for each sample are non-normal (Supplementary File C), we use the arithmetic mean 362 
of these distributions as an average value for each parameter that is a skewed representation of 363 
the central tendency taking into account the distribution tails (e.g. outlying larger pores and 364 
larger throats that are progressively closed as a result of densification). Median values for these 365 
distributions do not vary significantly from the means (Supplementary File C) but do not 366 
capture the tails, which are expected to be important in understanding the densification process. 367 
Although there is some scatter in our data (Fig. 8), we describe the general trends here through 368 
best-fitting relationships (on the basis of the lowest root mean square error, RMSE) and discuss 369 
the possible causes of scatter in section 5.1. The RMSE for each best-fit relationship is given 370 
in Fig. 8 and the equations and RMSEs for all attempted fits are given in Supplementary File 371 
A. 372 
Among the samples of host andesite, the mean pore volume and mean throat area show power 373 
law relationships with numerical porosity (Fig. 8a–b), and samples with lower numerical 374 
porosity tend to have lower mean pore volumes and mean throat areas. The rate of decrease in 375 
the mean pore volume and mean throat area with decreasing numerical porosity is relatively 376 
low above a porosity of around 10 %, and higher below this porosity (Fig. 8a–b). The 377 
volumetric number densities of connected pores (Fig. 8c) and of connected throats (Fig. 8d) 378 
each show an exponential relationship with numerical porosity, with lower porosities 379 
corresponding to lower number densities of pores and throats. The mean pore coordination 380 
number shows a power law relationship with numerical porosity (Fig. 8e). As for the mean 381 
pore volume and throat area, the rate of decrease of the mean coordination number with 382 
porosity is low above a porosity of around 10 % and higher below this porosity. The mean 383 
coordination number drops below 1 at a threshold porosity of around 0.5 % (Fig. 8e), meaning 384 
pores are typically isolated below this porosity. The volumetric number density of disconnected 385 
voids (defined as the average number of disconnected voids per mm3 of analysed material) also 386 
displays a poorly-defined power law relationship with numerical porosity, with a large amount 387 
of scatter in the porosity range 5–15% (Fig. 8f). The variance in connected pore volumes and 388 
throat areas is also higher in samples with higher numerical porosity (Fig. 8g–h). There is a 389 
strong positive relationship between the mean effective pore and mean effective throat radii 390 
(Fig. 9). Tortuosity is slightly higher (>2.5) in samples with a mean pore volume above 0.06 391 
mm3 (Fig. 10a) and is similar (2–2.5) for lower pore volumes. The lowest tortuosity observed 392 
in each sample decreases slightly with mean pore throat area (Fig. 10b) except for sample 393 
GAL8, and the range of tortuosity (2–2.6) is similar for pore throat areas in the range 1.1–1.7 394 
× 104 µm3. Tortuosity shows no clear relationship with the mean coordination number in each 395 
sample (Fig. 10c). The sample with the highest tortuosity and the highest anisotropy with 396 
respect to paths tortuosity in the x, y and z directions is the rind of the breadcrust bomb sample. 397 
Among samples for which connected porosity and permeability were measured (Table 1), the 398 
volumetric number density of pores, throats and disconnected voids, and the ratio of the number 399 
of throats to the number of pores (normalised by the analysed volume), are typically higher in 400 
samples with higher measured connected porosity and permeability (Fig. 11). The mean 401 
coordination number of each pore, the mean pore volume and mean throat surface area are also 402 
typically higher in samples with higher measured porosity and permeability (Fig. 11). 403 
Tortuosity is slightly higher in samples with higher measured porosity and permeability, 404 
although GAL16 shows a higher tortuosity than the other samples and GAL8 shows notably 405 
higher tortuosity in the y direction, resulting in some scatter. All micro-tomography analysis 406 
results are provided in Supplementary File A. 407 
The sample taken from a tuffisite vein hosted in a dense bomb (AB2T) is characterised by much 408 
higher volumetric number densities of connected pores and throats (Fig. 8c–d). The mean pore 409 
volume and throat area in the tuffisite are also lower than in the host andesite for a similar 410 
porosity (Fig. 8a–b). The variance in pore volumes and the variance in throat areas are also 411 
very low in this sample (Fig. 8g–h). The mean pore coordination number in the tuffisite is on 412 
the higher end of the dataset and this material also features a high number density of 413 
disconnected voids (Fig. 8e–f). Tortuosity is among the lowest in the dataset for this sample 414 
(Fig. 10). The relationship between the effective throat to pore radii in this material fits with 415 
the overall trend of the host andesite data (Fig. 9), but both these effective radii are on the 416 
smaller end of the dataset as a whole. 417 
 418 
4.3 Low/high permeability pairs of samples with similar connected porosity 419 
 420 
Two pairs of samples, GAL4/GAL6 and GAL16/GAL8, with similar measured connected 421 
porosities (∆𝜙"< 1%) but permeabilities varying by two orders of magnitude (Table 2) were 422 
selected for micro-tomography in order to investigate any topological controls on the observed 423 
permeability difference. In both pairs the mean coordination number and volumetric number 424 
density of disconnected (isolated) voids are similar (Table 2). 425 
In the case of pair GAL4/GAL6, the higher permeability sample (GAL6) shows a higher 426 
volumetric number density of pores and throats than the low permeability sample, and higher 427 
mean effective pore and mean effective throat radii (Table 2). The higher permeability sample 428 
also displays a lower variance in pore volumes and throat areas (Table 2). Tortuosity could not 429 
be established for the low permeability sample as there were no volume-spanning connected 430 
paths in the x, y and z directions and therefore tortuosity could not be compared for this pair of 431 
samples. In the case of pair GAL16/GAL8, the higher permeability sample (GAL8) has a lower 432 
number density of pores and throats than the low permeability sample (Table 2). Both samples 433 
exhibit a similar mean throat area and a similar variance in throat areas but the higher 434 
permeability sample has a slightly lower mean pore volume and lower variance in pore volumes 435 
(Table 2). Geometric tortuosity is higher in the low permeability sample in the x and z 436 
directions (with z representing the direction in which permeability was measured), and higher 437 
in the high permeability sample in the y direction (Table 2). 438 
 439 
5. Discussion 440 
 441 
5.1 Topology of the porous network 442 
 443 
The combination of micro-tomography data and porosity and permeability measurements 444 
illuminates the topological changes in the porous network associated with magma densification 445 
in the Galeras plugs. We observe that magma densification (total porosity covering the range 446 
25.9–0.1 %) is accompanied by the progressive reduction of mean pore volume (7.84 × 10-2 – 447 
2.98 × 10-4 mm3), mean throat surface area (2.47 × 104 – 1.1 × 103 µm2) and mean pore 448 
coordination number (4.37–0.42) as connected porosity (26.3–1.9 %) and permeability (1.63 449 
× 10-12 – 1.13 × 10-16 m2) decline. The variance in pore volumes and throat areas is also 450 
reduced (4.12 ×  10-2 – 3.89 ×  10-6 mm6 and 8.31 ×  109 – 1.91 ×  106 µm4, respectively), 451 
implying that the range of length-scales of the structures performing gas transfer at the sample-452 
scale (pores and throats) becomes smaller. The porous medium therefore becomes more 453 
homogeneous during densification as the range of pore volumes and throat sizes decreases. The 454 
volumetric number density of connected pores (2.69 × 101– 1.69 × 10-1 mm-3) and throats 455 
(6.90 × 101– 2.58 × 10-1 mm-3) and the volume-normalised ratio of throats to pores (3.17–0.22) 456 
also decline as a result of densification.  457 
Interestingly, the number density of disconnected voids is also generally reduced (94.27–1.43 458 
mm-3) despite a large amount of scatter in the data (Fig. 8f & Fig. 11), suggesting that the 459 
closure and/or coalescence of isolated pores with the connected porous network typically 460 
proceeds more efficiently than the creation of new isolated pores by throat closure. We 461 
speculate that the scatter in the disconnected voids dataset, as well as in other micro-462 
tomography datasets, could attest to differences in the amount of strain, nature of strain, or the 463 
strain rate experienced by different parcels of magma in the conduit, as high strain rates closer 464 
to the conduit margins are likely to promote bubble coalescence (Okumura et al., 2009). The 465 
scatter in the mean pore volume and mean throat area datasets may also be related to syn-466 
eruptive deformation of the porous network during magma fragmentation, bomb flight and 467 
impact. 468 
The decrease in tortuosity (3.57–2.11, considered as the average tortuosity in the x, y and z 469 
directions) as mean pore volume and mean throat area are reduced shows that more direct gas 470 
transfer pathways are created as a result of densification, implying that permeability is 471 
maintained during densification until very low porosities, as observed in the permeability 472 
measurements and in previous studies (Ashwell and Kendrick et al., 2015; Gonnermann et al., 473 
2017; Heap et al., 2015; Kendrick et al., 2013; Kennedy et al., 2016; Okumura and Sasaki, 474 
2014). As the number densities of pores and throats typically decline during this process, 475 
implying that bubbles and bubble connections are progressively lost (Fig. 8c–d & Fig. 11), we 476 
suggest that these more direct pathways result from the rearrangement of pores and throats, as 477 
well as bubble coalescence, during viscous deformation of the magma plug and, thus, of the 478 
porous network. We also note that the number density of connected pores appears to decline at 479 
a lower rate as a result of densification than the number density of throats until very low 480 
porosities (2–3%) are attained (Fig. 8c–d), suggesting the importance of the concerted 481 
processes of throat closure, formation of disconnected voids, and connection of disconnected 482 
voids to the connected porous network. 483 
Micro-tomography data from the sample taken from a tuffisite vein preserved in a dense bomb 484 
show that the average pore volume and pore throat surface area are much smaller in the tuffisite 485 
material than in the host andesite (Fig. 8a–b), confirming qualitative observations from the 486 
reconstructed tomographic slices (Fig. 5). The number densities of pores and throats are much 487 
higher in the tuffisite (Fig. 8c–d), the mean coordination number is among the highest in the 488 
dataset (Fig. 8e) and the tortuosity is among the lowest in the dataset (Fig. 10). The number 489 
density of disconnected voids is comparatively high, and the variance in pore volume and in 490 
throat area are both very low (Fig. 8f–h). These data show that the porous network in the 491 
tuffisite vein material is characterised by small, well-connected pores and throats with narrow 492 
size-distributions, between ash-size fragments of andesite. Despite the small throat sizes, this 493 
material features more direct pathways for gas transfer due to the low tortuosity, which may 494 
constitute the primary reason that tuffisites represent high-permeability pathways despite the 495 
small scale of the micro-structures performing gas transfer (Berlo et al., 2013; Castro et al., 496 
2012; Kendrick et al., 2016; Kolzenburg et al., 2012; Tuffen et al., 2003). 497 
 498 
5.2 Porosity, permeability and micro-structural changes resulting from the densification of 499 
high-crystallinity andesitic magma 500 
 501 
Quantification of key relationships 502 
 503 
Compiled porosity-permeability datasets from previous studies of various types of volcanic 504 
pyroclasts highlight a large amount of scatter that is thought to originate from different 505 
decompression rates and degassing, outgassing and deformation processes affecting magma 506 
erupted effusively and explosively (e.g. Rust & Cashman 2004; Mueller et al. 2005). Previous 507 
authors have provided general relationships between total porosity and permeability for 508 
volcanic products that are in the form of power laws based in percolation theory and are 509 
constrained empirically (Blower, 2001; Costa, 2006; Klug and Cashman, 1996; Mueller et al., 510 
2005; Saar and Manga, 1999). The topology of the porous network exerts a primary influence 511 
on the porosity-permeability relationship (e.g. Bear 1972; Rink 1976; Doyen 1988), for 512 
example the geometry and connectivity of pores in compacting granular systems may contrast 513 
markedly with the micro-structures arising from vesiculation in lavas and pyroclasts 514 
(Colombier et al., 2017; Heap et al., 2015; Klug and Cashman, 1996; Mueller et al., 2005; 515 
Okumura and Sasaki, 2014; Saar and Manga, 1999; Wadsworth et al., 2016; Wright et al., 2009, 516 
2006; Yokoyama and Takeuchi, 2009), as observed in the previous section. In particular, pore 517 
sizes, pore throat sizes and tortuosity are expected to exert a large influence on permeability 518 
(Degruyter et al., 2010; Saar and Manga, 1999; Zhu and Wong, 1996), as is the extent and 519 
anisotropy of heterogeneity (e.g. the variance of the size distributions of pores and throats) 520 
(Bernabé et al., 2003; Bernabé and Bruderer, 1998; Farquharson et al., 2016) and the presence 521 
of fractures (Heap and Kennedy, 2016; Lamur et al., 2017; Lavallée et al., 2013) whose 522 
longevity may vary with healing timescales (Lamur et al., 2019). 523 
As the topology of the porous network in Galeras samples originates from the specific 524 
degassing and deformation processes operating during the densification of high-crystallinity 525 
andesitic magma, a primary motivation of this study is to establish quantitative relationships 526 
that may be used in the future modelling of this process. We fit simple power law regressions 527 
by non-linear least squares fitting to our micro-structural datasets in order to characterise these 528 
relationships in the well-constrained Galeras system (Fig. 12a–c). We excluded data for the 529 
sample of tuffisite material from the fitting procedure as we are primarily interested in the 530 
micro-structural changes of the porous network in the host andesite during densification of 531 
coherent magma, rather than sintering of granular material. We find that the mean throat area 532 
ta varies with the mean pore volume pv as: 𝑡- = 1.058	 × 104	𝑝6			7.8 (RMSE: 3345 µm2). The 533 
volumetric number density of throats tn varies with the number density of pores pn as: 𝑡9 =534 
2.082	𝑝9			;.<<; (RMSE: 0.63 mm-3), where we excluded one very dense sample (AB37, shown 535 
in black in Fig. 12b) from the fitting procedure as the mean coordination number is 0.4, 536 
indicating that the average pore is not connected to any other pores, and this may explain why 537 
it forms a clear outlier in the dataset. The mean throat effective radius teff varies with the mean 538 
effective pore radius peff as: 𝑡=>> = 0.9126	𝑝=>>								7.A; (RMSE: 5.3 µm). For this relationship, one 539 
very dense sample (GAL5) was excluded from the fitting procedure as the analysis of the 540 
micro-tomography data resulted in one pore and no throats after the data cleaning steps. This 541 
sample forms a clear outlier in Fig. 10c.  542 
In order to provide a quantitative relationship between connected porosity ϕc and permeability 543 
k for future modelling of the densification process, we attempted to fit our data using a power 544 
law relationship (𝑘 = 5.56	 ×	10C;D	𝜙"E.F8 , RMSE: 4.02 ×  10-13 m2; shown in Fig. 13). 545 
However, we found that the power law relationship did not provide a satisfactory fit to the 546 
Galeras data over the 0–15 % range of connected porosity (Fig. 13). Despite a slightly higher 547 
error, we find that an exponential relationship provides a more satisfactory fit, especially over 548 
the 0–15 % range of connected porosity: 𝑘 = 5.46	 × 	10C;D	𝑒7.<AIJ (RMSE: 4.52 × 10-13 m2). 549 
For example, for a connected porosity of  7 %, the best-fit power law relationship overestimates 550 
permeability by approximately two orders of magnitude (Fig. 13). Our micro-tomography data 551 
show that the densification of high-crystallinity porous andesites during plug formation is 552 
expressed as decreasing 1) pore volumes, 2) pore throat areas, 3) volumetric number densities 553 
of pores, throats and disconnected voids, 4) the variance of pore volumes and pore throat areas, 554 
and 5) tortuosity. The best-fit exponential porosity-permeability relationship reflects these 555 
micro-structural changes and may be generally appropriate for modelling the densification and 556 
plug formation process in high-crystallinity andesitic magmas, as this relationship is distinct 557 
from that characterising both vesiculating magmas (Klug and Cashman, 1996; Mueller et al., 558 
2005) and densifying, sintering initially granular systems (e.g. welding ignimbrites (Heap et 559 




The porosity-permeability relationship in ballistic bombs sampling Galeras magma plugs is not 564 
consistent with published porosity-permeability data or relationships formulated for explosive 565 
products (Fig. 13) (Hill, 1984; Rust and Cashman, 2004; Tait, 2004; Wright et al., 2007, 2006). 566 
In contrast, our data agree well with measurements from previous studies on high-crystallinity 567 
andesite dome lavas or blocks in block-and-ash flows from Volcán de Colima (Farquharson et 568 
al., 2015) and Mount Pelée (Bernard et al., 2007; Jouniaux et al., 2000). Our data are consistent 569 
with the notion of a porosity-permeability hysteresis in the context of densifying high-570 
crystallinity magma plugs, as they follow the trend of evolving porosity and permeability in 571 
effusive samples thought to reflect an advanced stage of bubble interconnection and collapse 572 
(Mueller et al., 2005), rather than explosive samples reflecting various extents of vesiculation 573 
and bubble interconnection.  574 
Our samples were not erupted effusively, but by examining ballistics that did not vesiculate 575 
upon eruptive decompression (Bain et al., 2019), we aim to shed light on the pre-explosive 576 
magma conditions prevailing in shallow conduit plugs at Galeras volcano, which are akin to 577 
dome lavas erupted effusively at the surface at other andesitic stratovolcanoes. Lava dome 578 
emplacement and the congruent development of a shallow conduit plug prior to vulcanian 579 
explosions may explain why dome lavas and block-and-ash flow samples follow a similar 580 
porosity-permeability trend as Galeras ballistics, as the porous micro-structures in these 581 
samples seemingly record the same conduit/dome densification processes. In contrast, other 582 
types of effusive products (with different compositions and/or different emplacement 583 
mechanisms) may record other processes that affect the porous network (Colombier et al., 584 
2017), e.g. vesiculation or bubble shearing during flow. This generally good agreement 585 
supports the idea that the relationships extracted from our data could be used as a first order 586 
proxy in modelling the densification process during the emplacement of degassed, highly-587 
crystalline lava domes and plugs. In this context, our data suggest that the decrease in tortuosity 588 
(Fig. 10) during densification may be an important process in maintaining permeability to low 589 
porosities, permitting plug and dome emplacement and promoting a volcanic style 590 
characterised by effusive-explosive transitions. 591 
High-temperature experimental compaction studies of natural crystal-poor rhyolite (Ashwell 592 
and Kendrick et al., 2015; Gonnermann et al., 2017), crystal-rich rhyolite (Ashwell and 593 
Kendrick et al., 2015) and crystal-rich andesite (Kendrick et al., 2013; Lavallée et al., 2013) 594 
lavas show contrasting porosity-permeability-strain pathways that emphasise the importance 595 
of the nature of the starting material and the strain history. Ashwell and Kendrick et al. (2015) 596 
found that crystal-rich (60-70 % of the solid fraction) rhyolite dome samples achieved a 597 
compaction limit of 17-19 % porosity, whereas crystal-poor (5% of the solid fraction) rhyolite 598 
dome samples likely had a much lower compaction limit that was not achieved in the 60 % 599 
strain limit set in their experiments. In that study, crystals hindered the reduction in porosity 600 
and permeability during unconfined compaction, whereas natural Galeras samples clearly 601 
reached much lower porosities during densification, possibly as a result of the confining 602 
pressure in the conduit/dome setting. Gonnermann et al. (2017) observed that the high-603 
temperature, unconfined deformation of crystal-poor pumices resulted in permeability being 604 
retained to low values of porosity (<20 %), however our data do not follow the same porosity-605 
permeability reduction pathway (Fig. 13), likely as a result of the difference in deformation 606 
conditions (unconfined experimental conditions versus confined natural compaction) and 607 
starting material (high-crystallinity andesite versus crystal-poor pumice). In unconfined 608 
experiments on high-crystallinity andesites, Kendrick et al. (2013) found that samples 609 
deformed to 20 % strain, under low applied stresses to ensure a predominantly viscous response, 610 
resulted in a small reduction in porosity and reduction in permeability by two orders of 611 
magnitude, whereas those deformed more rapidly were subject to an increase in porosity while 612 
permeability remained unaffected (parallel to compaction). This suggests that confined natural 613 
compaction at low strain rates played an important role in allowing the high-crystallinity 614 
Galeras samples to densify to very low connected porosities (1.92 %).  615 
The differences in pore and throat properties and tortuosity for low/high permeability pairs of 616 
samples described in section 4.3 do not satisfactorily explain the two order of magnitude 617 
difference in measured permeability at a given porosity, nor the observed reduced dependence 618 
of permeability on confining pressure. We therefore suggest that the low/high permeability 619 
pairs in the Galeras sample set may reflect various micro-fracture densities that were not 620 
detected in hand sample and were below the resolution of micro-tomography (15–21 µm, see 621 
section 3.1), as fractures have been observed to have a dominant effect on permeability in 622 
previous studies (Berkowitz, 2002; Heap and Kennedy, 2016; Lamur et al., 2017; Lavallée et 623 
al., 2013; Matthäi and Belayneh, 2004). These fractures may have formed either during pre-624 
eruptive deformation as in the study of Kendrick et al. (2013) or during syn-eruptive cooling 625 
(e.g. Browning et al., 2016; Lamur et al., 2018) or impact (e.g. Lavallée et al., 2013) of the 626 
Galeras bombs. 627 
 628 
5.3 Tuffisite 629 
 630 
Although a rigorous study of the porosity and permeability of tuffisite veins is beyond the scope 631 
of this paper, our micro-tomography data from the sample of tuffisite material analysed here 632 
reflects the fundamentally different structure of the porous network compared to the host 633 
andesite. In contrast to the host andesite, which exhibits a porous structure arising from the 634 
growth, coalescence and collapse of gas bubbles in high-crystallinity magma, tuffisite veins 635 
host structures arising from gas-and-ash flow through a fracture followed by settling, 636 
compaction and sintering of a granular medium (Kendrick et al., 2016; Tuffen et al., 2003; 637 
Wadsworth et al., 2016). Their prevalence in Galeras ballistic samples of all types (Bain et al., 638 
2019) suggests that, despite the retention of permeability during densification of the host 639 
andesite, the permeability of localised areas of the magma plugs became insufficient to 640 
efficiently dissipate pore pressure, resulting in local fragmentation and the formation of 641 
fractures filled with fragmental materials. However, the low tortuosity of porous pathways in 642 
this sample suggests that tuffisites represented high permeability pathways within the magma 643 
plug with a potentially important role for degassing prior to vulcanian explosions, as shown in 644 
previous studies on tuffisite veins (Berlo et al., 2013; Castro et al., 2014, 2012; Kendrick et al., 645 
2016; Kolzenburg et al., 2012; Saubin et al., 2016). This is consistent with the study of Bain et 646 
al. (2019) on these ballistic bombs, which suggested that the flux of a S-rich gas phase through 647 
these veins served to locally deplete the interstitial melt of the host andesite with respect to 648 
H2O, F and Cl and cause S to become enriched in the melt phase. 649 
 650 
5.4 Implications for eruption dynamics 651 
 652 
Porous micro-structure and crystal micro-textures 653 
 654 
Bain et al. (2019) related magma ascent and decompression rates and eruption dynamics at 655 
Galeras volcano to systematic variations in plagioclase microlite number density, characteristic 656 
size and aspect ratio. Smaller volume explosions in 2004-2008 produced ballistics with crystal 657 
micro-textures characterised by small numbers of large, prismatic microlites, whereas larger 658 
volume explosions in 2009-2010 produced ballistics with high numbers of small, tabular 659 
microlites (Bain et al., 2019). Based on a comparison of these crystal micro-textures with 660 
results of decompression experiments by Brugger and Hammer (2010), these changes were 661 
determined to have been driven by increasing average decompression rates from 1–10 MPa/h 662 
due to increasing magma ascent rates (Bain et al., 2019). Increasing decompression rates 663 
resulted in increasing crystal nucleation rates and decreasing crystal growth rates over the 664 
course of the eruption sequence, and gave rise to higher plagioclase microlite number densities, 665 
smaller characteristic sizes and a change from prismatic to tabular microlites. Here, we 666 
compare the plagioclase microlite volumetric number density (Nv), the crystal aspect ratio (S/L, 667 
corresponding to the best-fit microlite short axis/long axis) and the characteristic microlite size 668 
from the samples in the study of Bain et al. (2019) with the corresponding micro-tomography 669 
data collected here to investigate any relationships between the crystal micro-structure and the 670 
porous micro-structure (Fig. 14). We find that samples with low Nv, low S/L and large 671 
characteristic size (corresponding to crystal micro-textures with small numbers of large, 672 
prismatic microlites) typically feature porous networks with higher mean pore volumes and 673 
mean throat areas (Fig. 14a–c), as well as higher variance in pore volumes and throat areas. 674 
Conversely, samples with high Nv, high S/L and small characteristic size (corresponding to 675 
crystal micro-textures with high numbers of small, more tabular microlites) typically feature 676 
porous networks with lower mean pore volumes, lower mean throat areas (Fig. 14 a–c), as well 677 
as lower variance in pore volumes and throat areas. The breadcrust bomb rind sample features 678 
a porous network that is most similar in nature to the porous network in samples with low Nv, 679 
low S/L and large characteristic size (Fig. 14). This suggests that andesitic plugs that develop 680 
in magma ascending and decompressed at lower average rates (resulting in low Nv, low S/L 681 
and large microlite characteristic size) are characterised by a crystal micro-texture that 682 
facilitates the retention of the porous network, perhaps as a result of inefficient densification, 683 
to produce a comparatively high-permeability plug. This is supported by the observation that 684 
the porous network in the breadcrust bomb rind, which records the porous micro-structure in 685 
the deepest part of the plug prior to the onset of densification, is most similar to ballistics 686 
produced following slow magma ascent. In addition, the presence of lava domes associated 687 
with the explosions that produced these ballistic samples (Bain et al., 2019) suggests that pore 688 
pressures were effectively dissipated so that lava effusion was possible and repose times 689 
between vulcanian explosions became long (hundreds of days). Conversely, plugs that develop 690 
in magma ascending and decompressed at higher rates (resulting in high Nv, high S/L and small 691 
microlite characteristic size) host porous networks that have undergone significant 692 
densification, producing a comparatively low-permeability plug allowing overpressure to build 693 
up rapidly, consistent with the short repose times between explosions (tens of days) noted 694 
during 2009-2010 (Bain et al., 2019). We suggest that these differences could be the result of 695 
a rheological control on the efficiency of densification as a result of the variation in crystal 696 
micro-textures. We propose that large, prismatic microlites (low S/L) in these magmatic 697 
suspensions are likely to interact more frequently and produce higher bulk magma viscosities 698 
than smaller, more tabular microlites (high S/L) (Klein et al., 2018; Mueller et al., 2005), and 699 
this could explain the inferred variations in densification efficiency. These rheological 700 
variations will be further investigated in future work. 701 
 702 
Porous micro-structure and groundmass glass volatiles 703 
 704 
The decrease in connected porosity and permeability as pore volumes, throat areas and the 705 
number densities of pores and throats decrease shows that the change in topology of the porous 706 
network controls the ability of the densifying magma plug to permit gas flow. However, the 707 
timescale over which densification occurs, which may vary significantly due to the rheological 708 
differences inferred in the previous section, is also likely to control the ability for a magma 709 
plug to degas and outgas. Groundmass glass volatile analyses from Bain et al. (2019) are 710 
available for ten of the samples for which micro-tomography data were collected (Fig. 15). 711 
These volatile data show that F and Cl follow an overall trend of depletion in the groundmass 712 
glass with reducing pore and throat sizes (Fig. 15c–d), despite the occurrence of occasional 713 
outliers (e.g. F: 860 ppm, 819ppm and 673 ppm; Cl: 2234 ppm) that may be related to the 714 
complex effects of vapour fluxing from depth through degassed magma stored at shallow levels 715 
in the conduit (e.g. Bain et al., 2019; Rust et al., 2004; Wright et al., 2007). However, H2O data 716 
reveal an opposite trend (Fig. 15a), with lower groundmass glass water contents generally 717 
corresponding to larger pore and throat sizes. In the previous section, we observed that these 718 
H2O-poor samples correspond to magma plugs that densified inefficiently, possibly as a result 719 
of rheological controls (e.g. microlite number densities, sizes and shapes) that maintain bubble 720 
inter-connections, leading to relatively high-permeability plugs. We suggest that the opposite 721 
trend in H2O and halogen data is related to a trade-off in the rate of densification with respect 722 
to the diffusion rate of each species. Rapidly densifying magma plugs (characterised by high 723 
Nv, high S/L, small characteristic microlite sizes and low mean pore volumes and mean throat 724 
areas) record higher groundmass glass H2O contents due to the relatively rapid disruption of 725 
connected porous pathways and hence rapid destruction of surfaces for diffusive exchange (Fig. 726 
16b). More inefficient densification (in magma plugs characterised by low Nv, low S/L, large 727 
characteristic microlite sizes and higher mean pore volumes and mean throat areas) results in 728 
connected porous pathways remaining open and more extensive degassing of the melt phase 729 
with respect to rapidly-diffusing volatile species, such as H2O (Fig. 16a). In contrast, the slower 730 
rates of diffusion of F and Cl (Bai and Koster van Groos, 1994) result in a groundmass glass 731 
halogen signature that records magma degassing during emplacement at shallow levels and 732 
does not record an effect related to the rate of densification (Fig. 15c–d). In other words, the 733 
glass F and Cl contents record progressive degassing during magma emplacement in the 734 
shallow conduit, whereas the glass H2O content records the overprinting process of contrasting 735 
densification rates in magma plugs with different crystal micro-textures and, potentially, 736 
rheology (i.e. rapid or slow disruption of porous network connections with apparent viscosity 737 
as a limiting factor) as a result of the more rapid diffusion rate. This model is supported by the 738 
groundmass glass volatile content of the breadcrust bomb rind, which is sourced from a region 739 
in the conduit below the main degassed plug that we focus on in this study. The breadcrust 740 
bomb rind contains a similar amount of CO2, F, Cl and S (Fig. 15b–e) and a similar porous-741 
microstructure (Fig. 14) as the bombs that have undergone the least amount of densification. 742 
However, this sample contains a higher water content than all bombs sourced from the degassed 743 
region (Fig. 15a), showing that the magma underlying the plugs likely contained a relatively 744 
high water concentration before the onset of densification. We therefore propose that, of the 745 
volatiles discussed here, water is the only species that diffused rapidly enough to record the 746 
differences in plug densification rate prior to vitrification of the groundmass upon ballistic 747 
expulsion (Fig. 15-16). 748 
   749 
Porous micro-structure beneath the degassed plug 750 
 751 
Most breadcrust bombs from Galeras volcano have dense rinds (0–0.5 %), showing that dense 752 
magma is stored immediately below the most degassed region of the plugs (100–500 m, Bain 753 
et al., 2019). The breadcrust bomb studied here, however, preserves an unusually vesicular rind 754 
(~17 %) giving insights into the porous network in magma stored deeper in the conduit (>500 755 
m). The sample taken from the rind of this breadcrust bomb has the largest mean pore volume 756 
and mean throat area (Fig. 14), as well as the largest pore volume and throat area variance in 757 
the sample set. The porous network in this rind is also the most tortuous and shows a significant 758 
anisotropy in tortuosity in three dimensions (Fig. 10). The magma underlying the plugs 759 
therefore comprised the highest gas fraction and contained the largest amount of dissolved 760 
volatiles in the melt phase, and yet the permeability of this zone may have been limited by the 761 
highly contorted paths channelling gas escape.  762 
Bain et al. (2019) inferred higher degassing-driven effective undercooling in magma below the 763 
most degassed part of the plug in order to explain consistently higher microlite Nv in deeper-764 
sourced breadcrust bombs relative to dense and scoriaceous bombs. The large mean pore 765 
volumes, mean throat areas and high variance in the scales of the porous micro-structures in 766 
this breadcrust bomb rind support the idea of a larger degassing increment in the area below 767 
the plugs, as gas flow localisation through preferred pathways is expected to occur in highly 768 
heterogeneous porous media (Bernabé and Bruderer, 1998; Laumonier et al., 2011; Lavallée et 769 
al., 2013; Wright and Weinberg, 2009) and may have initially promoted rapid outgassing. 770 
However, the propensity for gas flow localisation may eventually be countered by the high 771 
tortuosity of the connected pathways during ongoing degassing. 772 
These observations support the hypothesis from Bain et al. (2019) that the region of the magma 773 
column emplaced in the shallow conduit where significant overpressure is likely to have 774 
developed is located below the degassed, low-permeability plugs, as previously suggested in 775 
the studies of Clarke et al. (2007), Giachetti et al., (2010), Hammer et al. (1999); Sparks (1997), 776 
and Wright et al. (2007). We therefore propose the following model for vulcanian explosions 777 
as Galeras volcano. Prior to individual vulcanian explosions, pore pressures within the 778 
viscously compacting andesitic magma plug emplaced in the shallow conduit (<500 m) were 779 
decreasing, as we have shown here that permeability was largely retained within the magma 780 
plugs and densification could occur without the development of large-scale pore overpressure. 781 
We propose that only small-scale, localised pore overpressure developed within the plugs, 782 
evidenced by the occurrence of tuffisite veins. In contrast, the high variance in pore sizes and 783 
throat areas in the region below the degassed plugs, as evinced by the porous network in the 784 
breadcrust bomb rind, may have enhanced the possibility for pore overpressure development 785 
by forcing rapidly moving gas to stall in pores with smaller throats or to rapidly infiltrate 786 
smaller pores through large throats during gas flux. The results of this study suggest that the 787 
porous network in this deeper region with a highly tortuous and anisotropic porous network 788 
(Fig. 1) that was not preserved as ballistics but pulverised into ash is likely to have exhibited 789 
the most favourable conditions for large-scale pore overpressure during gas fluxing, resulting 790 
in the fragmentation and explosive eruption of the magma plugs. Based on the data presented 791 
in this paper, we propose that the timescale for this large-scale overpressure development may 792 
have been controlled by the permeability of the most degassed portion of the plug, which was 793 
dependent on the crystal micro-textures dictated by changing decompression rates, which may 794 
have exerted a rheological control on densification rate. 795 
 796 
6. Conclusions 797 
 798 
We have combined an experimental determination of the connected porosity and gas 799 
permeability of ballistic bombs produced by the 2004-2010 sequence of vulcanian explosions 800 
at Galeras volcano, Colombia, with micro-tomographic reconstructions of the porous micro-801 
structures to illustrate the changes in the porous network that occur as a result of the 802 
densification of high-crystallinity andesitic magma plugs. Densification results in the reduction 803 
of mean pore volumes and mean throat areas, as well as a reduction in the volumetric number 804 
density of pores and throats. We observe a relative loss of throats compared to pores and a 805 
decline of disconnected voids with reducing porosity, suggesting progressive pore closure 806 
and/or coalescence of isolated pores to the connected network. These micro-structural changes 807 
produced a reduction in tortuosity of the permeable pathways during magma densification, 808 
enabling the development of a plug without the large-scale development of gas overpressure 809 
owing to the retention of permeability to low levels of connected porosity. In contrast, magma 810 
residing at deeper levels below densifying plugs is characterised by large pore volumes and 811 
pore throat areas, but the high variance of these properties and the high tortuosity and 812 
anisotropy of the porous network suggest that pore overpressure may be more likely to develop 813 
at these deeper levels in the conduit, providing the driving force for vulcanian explosions. In 814 
combination with previously-published crystal micro-texture and groundmass glass volatile 815 
data, the porous micro-structure data presented here argues for a plug formation model where 816 
variations in densification rate and final permeability are controlled by variations in crystal 817 
micro-textures. The extent of densification, plug permeability and plug degassing may 818 
therefore be ultimately controlled by magma decompression and ascent rates, which control 819 
the variations in crystal micro-textures that modulate magma rheology and densification rate. 820 
Building understanding of the links between magma ascent rates, crystal micro-textures, bulk 821 
magma rheology and densification processes may therefore provide important insights into 822 
vulcanian eruption explosivity. 823 
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Figures : 1119 
 1120 
 1121 
Fig. 1: Structure of the average andesitic magma plug at Galeras volcano, modified from 1122 
Bain et al. (2019), showing the properties of the source areas for the three different bomb 1123 
types produced in the 2004-2010 vulcanian explosions. Dense and scoriaceous bombs were 1124 
typically sourced from no more than 100 m depth in the conduit. The breadcrust bomb shown 1125 
here is a fragment displaying the highly vesicular bomb interior resulting from syn-eruptive 1126 
vesiculation and the dense exterior rind representative of the pre-eruptive magma properties. 1127 
Dense and scoriaceous bombs did not experience syn-eruptive vesiculation and preserve the 1128 
pre-eruptive magma properties. Also shown is a hypothetical deeper zone of vesicular magma 1129 
(>500 m) that may represent the region where pore overpressure increased sufficiently to 1130 
drive vulcanian explosions (Bain et al. 2019). 1131 
 1132 
Fig. 2: Simplified illustration of the porous network analysed by micro-tomography (pores 1133 
are not spherical in real samples, see Fig. 4 & 5). This example volume contains three 1134 
connected pores (1, 2 & 3) and two pore throats, as well as two disconnected pores or voids 1135 
(4 & 5). Pores 1 and 3 have a coordination number of 1 and pore 2 has a coordination number 1136 
of 2. Connected and isolated pores were quantified as separate populations, giving volumetric 1137 
number densities of connected pores and disconnected voids, as well as a volumetric number 1138 
density of pore throats. The volumes of connected pores and isolated pores were also 1139 
measured, as well as throat surface areas. Permeability was measured parallel to the z 1140 





Fig. 3: Gas permeability varies from 1.13 × 10-16 – 1.63 × 10-12 m2 over the measured range 1146 
of connected porosity (1.9-26.3 %) and the range of applied confining pressures (0.7-2.1 1147 
MPa). Propagated errors for connected porosity and permeability measurements are smaller 1148 
than the symbol size, see section 3.2. Permeability is lower in samples with lower connected 1149 
porosity and permeability for each sample is lower at higher confining pressures. Dashed 1150 
boxes indicate samples with higher permeability (GAL6, GAL8, GAL13, GAL19) than other 1151 




Fig. 4: Scanned images of sample thin sections with increasing connected porosities ϕc. 1156 
Permeability, k, measured at 0.7 MPa confining pressure is also indicated. All samples are 1157 
porphyritic andesite bombs. Voids are shown in blue epoxy resin with occasional rounded 1158 
white air bubbles. 1159 
 1160 
Fig. 5: Examples of reconstructed micro-tomographic slices of different types of samples, 1161 
which constitute the X-ray micro-tomography data used to measure the properties of the 1162 
porous network (numerical porosity, pore volumes, throat areas, number densities, 1163 
tortuosity). Void space (v) appears black, plagioclase crystals (pl) and glassy groundmass (g) 1164 
appear dark grey, pyroxene crystals (px) appear light grey and Fe-Ti oxide crystals (Fe-Ti) 1165 
appear white. a. Dense host andesite featuring very few, small void spaces b. More porous 1166 
host andesite showing large polylobate/branching pores c. Porous rind of the breadcrust 1167 
bomb, also showing polylobate/branching pores d. Tuffisite sample showing a distinct pore 1168 
structure characterised by curvilinear voids surrounding a granular solid fraction made up of 1169 
rounded fragments of the host andesite phases. 1170 
 1171 
 1172 
Fig. 6: Rendering of the segmented pore space (left) and pore network model (right) for 1173 
selected samples covering a range of connected porosities. Segmentation and skeletonisation 1174 
for the renderings shown here were performed using Avizo software v9, for illustration 1175 
purposes only. All quantification of the pore space was performed using 3DMA-Rock 1176 
(Lindquist & Venkatarangan 1999). The height (measured in the z direction) of each data 1177 
volume is indicated by the black arrows. In the pore network models shown here, nodal pores 1178 
are illustrated by black spheres and segments joining nodal pores are shown with thicknesses 1179 
and colours normalised by the maximum distance from the skeleton to the exterior edge of 1180 
the pore space object (see colour bar). The connected porosity, ϕc, and the permeability, k, 1181 






Fig. 7: Comparison of connected porosity measured by pycnometry and total numerical 1188 
porosity calculated from micro-tomography data. The solid line represents the one-to-one 1189 
line, with +5 % and -5 % difference indicated by the dashed lines. 1190 
 1191 
 1192 
Fig. 8: a–f Micro-tomography results compared with the total numerical porosity calculated 1193 
for each sample. Dashed lines correspond to the least-squares best-fit power law (red) and 1194 
exponential (black) functions to highlight overall relationships for the host andesite (RMSE 1195 
indicated in each panel). Other attempted fits are given in Supplementary File A. Samples of 1196 
host andesite with lower numerical porosity have smaller mean pore volumes and mean 1197 
throat areas, lower volumetric number densities of connected pores, throats and disconnected 1198 
voids, and smaller mean pore coordination numbers. g–h Samples with lower mean pore 1199 
volumes and mean throat areas also have lower pore volume and throat area variances. 1200 
 1201 
 1202 
Fig. 9: The mean pore and mean throat effective radii in each sample are positively 1203 
correlated, showing that samples with small pores have small pore throats and vice-versa. 1204 
One clear outlier corresponds to dense sample GAL5, where only one pore and zero throats 1205 
were identified by micro-tomography in the analysed volume after the data cleaning 1206 
procedure. 1207 
 1208 
Fig. 10: Median geometric tortuosity measured where possible along connected paths in each 1209 
direction (x, y and z) of the prismatic volume analysed by micro-tomography. Diamonds 1210 
correspond to the tuffisite sample and open symbols correspond to the breadcrust bomb rind. 1211 
Tortuosity is typically lower and more isotropic in samples with lower mean pore volumes 1212 
and lower mean throat areas. Tortuosity shows no clear relationship with mean pore 1213 
coordination number. The tuffisite sample shows the lowest tortuosity in the dataset and the 1214 
breadcrust bomb rind shows the highest anisotropy with respect to tortuosity. 1215 
 1216 
 1217 
Fig. 11: Micro-tomography results compared with connected porosity, ϕc, and permeability, k 1218 
(measured at a confining pressure of 0.7 MPa). Samples with higher ϕc and k typically have 1219 
higher mean pore volumes and mean throat areas, higher number densities of pores, throats 1220 
and disconnected voids, a higher ratio of throats to pores per unit volume of analysed material 1221 
(shown as ave. no. throats/pore), and a higher mean coordination number. Tortuosity 1222 
decreases slightly with ϕc but shows no consistent relationship with k in this sample set (blue 1223 






Fig. 12: Fitted curves (grey dashed lines) showing the relationships between key topological 1230 
parameters (a–c) measured by micro-tomography. These relationships reflect the 1231 
densification process in the high-crystallinity andesites of Galeras volcano. Black filled 1232 





Fig . 13: Porosity and permeability (measured at a confining pressure of 1.4 MPa) data from 1238 
this study plotted with data from selected effusive (filled symbols) and explosive (open 1239 
symbols) volcanic products from published studies (see legend). The effusive samples shown 1240 
here consist of lavas and blocks from block-and-ash flows from andesitic strato-volcanoes. 1241 
Data from Galeras fit with the overall trend for these types of effusive products and show a 1242 
higher permeability at lower connected porosities than explosive volcanic products, which 1243 
follow a distinct trend. Also shown are the best-fit power law and exponential relationships 1244 




Fig. 14: Comparison of micro-tomography results with previously-published crystal micro-1249 
texture results for the same samples from the study of Bain et al. (2019). Nv is the plagioclase 1250 
microlite volumetric number density calculated from crystal size distributions, S/L is the best 1251 
fit plagioclase microlite aspect ratio (short axis / long axis) and the characteristic microlite 1252 
size was calculated from the smallest size bins of the crystal size distributions. Samples with 1253 
high Nv, high S/L and small characteristic microlite sizes have micro-textures characterised 1254 
by high numbers of small, tabular microlites and show small mean pore volumes and mean 1255 
throat areas. Samples with low Nv, low S/L and higher characteristic microlite sizes have 1256 
micro-textures characterised by lower numbers of large prismatic microlites and show larger 1257 
mean pore volumes and mean throat areas. The breadcrust bomb rind has the largest mean 1258 
pore volume and mean throat area, and plots separately from the trend of the dense and 1259 





Fig. 15: Comparison of micro-tomography results with previously published groundmass 1265 
glass volatiles data for the same samples from the study of Bain et al. (2019), where vertical 1266 
error bars correspond to two sigma. Horizontal error bars for the mean pore volume and mean 1267 
throat areas are smaller than the symbol size. Outliers interpreted to result from the effects of 1268 
vapour fluxing are coloured in blue (see section 5.4). Samples with the highest mean pore 1269 
volumes and mean throat areas tend to have the lowest groundmass glass water content (H2O) 1270 
but the highest Fluorine (F) and Chlorine (Cl) content, and vice versa. Carbon dioxide (CO2) 1271 




Fig. 16: Conceptual model showing contrasting magma plug structures resulting from 1276 
different densification efficiencies. a. Inefficient densification results from low average 1277 
ascent and decompression rates, forming relatively high-permeability plugs with an H2O-poor 1278 
residual melt phase. b. Efficient densification results from high average ascent and 1279 
decompression rates, forming comparatively low-permeability plugs with a more H2O-rich 1280 

























GAL1 2004-2010 4.5 3.79 × 10-16 - - - 
GAL2 2004-2010 18.1 6.48 × 10-15 - - - 
GAL3 2004-2010 22.5 2.83 × 10-13 - - - 
GAL4 2004-2010 18 1.72 × 10-14 y - - 
GAL5 2004-2010 2.1   3.4 × 10-16 y - - 
GAL6 2004-2010 17.3 1.08 × 10-12 y - - 
GAL7 2004-2010 13.3 2.93 × 10-15 y - - 
GAL8 2004-2010 21.6 1.63 × 10-12 y - - 
GAL9 2004-2010 18.2 1.39 × 10-14 - - - 
GAL10 2004-2010 1.9 1.13 × 10-16 - - - 
GAL11 2004-2010 15.7 3.74 × 10-15 - - - 
GAL12 2004-2010 19 1.25 × 10-14 - - - 
GAL13 2004-2010 18.4 1.24 × 10-13 - - - 
GAL14 2004-2010 26.3 8.95 × 10-13 y - - 
GAL15 2004-2010 6.5 4.85 × 10-16 - - - 
GAL16 2004-2010 21.4 6.98 × 10-14 y - - 
GAL17 2004-2010 11.6 8.50 × 10-15 - - - 
GAL18 2004-2010 10 4.51 × 10-15 y - - 
GAL19 2004-2010 16.4 5.06 × 10-13 - - - 
AB2T 11/12 Aug. 2004 - - y - - 
AB8 12 July 2006 - - y y y 
AB9 12 July 2006 - - y y y 
AB14 17 Jan. 2008 - - y y y 
AB15 17 Jan. 2008 - - y y y 
AB16bb 20 Feb. 2009 - - y y y 
AB18 2 Jan. 2010 - - y y y 
AB21 2 Jan. 2010 - - y y y 
AB23 2004-2010 - - y - y 
AB26 2004-2010 - - y - y 
AB37 2004-2010 - - y - y 
1 Data from Bain et al. (2019). All other data from this study. 
T indicates the tuffisite sample. 
bb indicates the breadcrust bomb rind sample. 
 
 
Table 1: List of samples, connected porosity and permeability (measured at 0.7 MPa 1292 
confining pressure) measurements and analyses performed. The complete permeability results 1293 





Property GAL4 GAL6 GAL16 GAL8 
Connected porosity (%) 
 
18 17.3 21.4 21.6 
Permeability* (m2) 
 
































Number density of 
throats (mm-3) 
 
4 5.3 3.2 1.8 










Mean effective throat 
radius (µm) 
 
27 48 60 60 
Pore volume variance 
(mm6) 
2.40 × 10-2 
  
5.73 × 10-3 
  
2.17 × 10-2 
  
1.45 × 10-2 
  
Throat area variance 
(µm4) 
 
1.03 × 109 7.47 × 108 2.27 × 109 2.48 × 109 
Tortuosity in x/y/z 
directions 
n/a - n/a - n/a 2.36 - 2.58 - 2.18 2.73 - 3.45 - 3.05 2.34 - 3.99 - 2.02 
*Permeability measured over the range of confining pressures 0.7-2.1 MPa. 
 1299 
Table 2: Properties of the porous network in two low/high permeability sample pairs with 1300 
similar connected porosity (GAL4/GAL6 & GAL16/GAL8), calculated from micro-1301 
tomography data. 1302 
 1303 
